In this study, an evaluation was performed to determine the in vitro bioactivity, viability of stem cells, and antibiofilm effect against Streptococcus mutans of two bioactive gel-glass 60SiO 2 -36CaO-4P 2 O 5 (BG-A) and 80SiO 2 -15CaO-5P 2 O 5 (BG-B) compositions. Both materials were bioactive and undergo the formation of hydroxycarbonate apatite (HCA) on their surfaces when immersed in simulated body fluid (SBF) after 12 h, but the BG-A composition showed a more significant formation rate. The pH variation of the samples during the test in SBF indicated that an abrupt change had occurred for the BG-A composition within the first few hours, and the pH was subsequently maintained over time, supporting its stronger antibacterial effects against S. mutans. For the in vitro viability test using mesenchymal stem cells (MSCs), the BG-B showed significantly higher cell viability compared to the BG-A composition at concentrations of 0.125, 1.25 and 12.50 mg/mL for 2 days. These results indicated that the higher solubility of the BG-A glass favors bioactivity and antibacterial effects. However, as a result of rapid degradation, the increase in the concentration of ions in the cell culture medium was not favorable for cell proliferation. Thus, by varying the composition of glasses, and consequently their dissolution rate, it is possible to favor bioactivity, antimicrobial activity or stem cell proliferation for a particular application of interest.
Introduction
Bioactive glasses are synthetic materials, which sho\w highly positive interactions with hard and soft tissues [1] [2] [3] . The first bioactive glass, known worldwide for its trademark Bioglass®, was invented by Professor L.L. Hench at the University of Florida in 1969 [4] . Its ability to form a mechanically strong bond with bone via the formation of a hydroxycarbonate apatite (HCA) layer on the glass surface after implantation in the body resulted in the concept of bioactive materials, which now constitute a very important class of new-generation, high tech materials.
The formation of the HCA layer on bioactive silicate glasses is now reasonably well understood [1, 4, 5] , but the biological interactions at the HCA-host bone interface are much less clear [2] . The adsorption of proteins, as well as other biological molecules on the HCA layer surface, are highly complex and require significant further in-depth analysis to fully and conclusively understand the positive and negative effects of the numerous biomolecule adsorption-desorption processes at play [5] . On the other hand, osteoprogenitor cells appear to be attracted to the nanotopography and chemistry of the HCA layer and, perhaps more importantly, they respond to ionic dissolution products from the degrading bioactive glass, particularly to critical concentrations of biologically active soluble silica and calcium ions [2, 4, 6] . While the degradation and conversion of the glass into HCA continues over time, the released ions are responsible for the up regulation of genes associated with bone formation, including the cMyc-responsive growth-related gene, cell cycle regulators, apoptosis regulators, cell surface receptors and extracellular matrix regulators [4, [5] [6] [7] [8] [9] . Furthermore, the antimicrobial activity associated with the release of ions in the surrounding medium is regarded as an additional benefit for clinical applications [2, 6, 10, 11] . These effects are dose-dependent and it is still a challenge for researchers from diverse areas to design and adjust the glass chemistry, making these glass matrices potential carrier systems for controlled therapeutic ion release to assist in tissue regeneration and antimicrobial activity.
Due to controlled glass degradation, and consequently its ionic products released in physiological conditions that provide stimuli to several biological properties, in this study we evaluated the in vitro bioactivity, viability of stem cells, and antibiofilm effect against S. mutans of two bioactive gel-glass, which exhibit distinctly different chemical compositions. The use of sol-gel processing methods to obtain these materials led to the synthesis of bioactive glasses with greater textural and compositional variety than those attainable by melt-quenching. Therefore, the possibility of exploiting a much broader compositional range for bioactivity, cell behavior and antimicrobial activity using a low-temperature processing route is very attractive because these properties show a strong relationship with the glass dissolution rate, ion release and resulting pH environment.
Materials and methods

Gel preparation
Gel-derived glasses were synthesized as described elsewhere [12] . The nominal 60SiO 2 -36CaO-4P 2 O 5 (BG-A) and 80SiO 2 -15CaO-5P 2 O 5 (BG-B) compositions by mol% were chosen based on previously published studies related to the first bioactive gel-glasses [13] and the optimal chemical composition for the most rapid positive bio-response in osseous tissue regeneration, suggested by Malavasi and colleagues [14] , using molecular dynamics simulations.
To obtain 50 g of glass, the preparation of BG-A gel involved hydrolysis and polycondensation reactions mixing 109. 28 Starting with the hydrolysis of TEOS, the other chemicals were sequentially added to the reaction mixture in 60 min intervals while the mixture was maintained under constant stirring. The sol was poured into a polytetrafluoroethylene mold and stored for 3 days. At the end of this period, the gel was aged for 7 days at 70°C and dried for additional 3 days at 150°C before it was ground manually in an agate mortar and subsequently heat treated for 3 h at 700°C for stabilization and to obtain the glass. The same synthesis procedure was employed for preparation of 50 g of the BG-B composition, using 141.90 mL Si(OC 2 H 5 ) 4 , 13.39 mL OP(OC 2 H 5 ) 3 and 28.14 g Ca(NO 3 ) 2 ·4H 2 O, respectively. The flowchart in Fig. 1 outlines the procedures established for particulate gel-glass preparations.
Characterization of the glass powders
X-ray diffraction (XRD)
X-ray diffraction was used to analyze the glass powders before and after the in vitro bioactivity test using a Rigaku Ultima IV X-ray diffractometer operating with CuKα radiation (λ = 0.15418 nm). The diffraction patterns were obtained in the 2θ range from 10 to 70°in a continuous scan mode at 1°/min.
Fourier transform infrared (FTIR) spectroscopy
Powder surfaces were assessed by FTIR using a PerkinElmer Spectrum GX spectrometer operating in reflectance mode with a spectral resolution of 4 cm −1 from 4000 to 400 cm
. Spectra were collected as the mean of 40 scans.
Scanning electron microscopy/microanalysis (SEM/EDS)
The powders were morphologically characterized using SEM. A set of samples was selected and analyzed before and after immersion in SBF for different testing times. The samples were coated with an evaporated gold film and analyzed under an FEI Inspect S50 microscope coupled with an energy dispersive X-ray spectrometer (EDS), which allowed for qualitative chemical analysis of their surfaces. Discs of BG-A and BG-B containing S. mutans biofilm were also analyzed using SEM after washing the samples in a sterile phosphate-buffered saline (PBS) solution and maintained in a 4% glutaraldehyde for 24 h. Next, the biofilms were dehydrated in a graded ethanol series (50, 70, 90, and 100%), dried for 24 h and coated with gold film for analysis.
In vitro bioactivity test
The samples bioactivity was evaluated according to a recent method proposed by Technical Committee 4 (TC04) of the International Commission on Glass (ICG) [15] . The solution employed in this test is known as SBF (simulated body fluid) and is acellular, protein-free and has a pH of 7.40. Its ionic concentration versus human blood plasma is shown in Table 1 .
The particulate samples were immersed in SBF using a ratio of 0.1 g glass to 50 mL SBF. Each sample was cleaned ultrasonically for 10 s in acetone and after drying immersed in polyethylene bottles containing SBF for 12, 24, 48, 96 and 168 h. The systems were held under constant agitation at 37°C in a shaker table, and at the end of each testing time, the samples were removed from the bottles by filtration (particle retention N3 μm). The powder was washed with distilled water/acetone to terminate any surface reaction. After drying, all samples were analyzed to check for formation of a superficial HCA layer. The filtered solution was collected to determine the variations in the pH due to the partial glass dissolution in SBF during the test; each sample was performed in triplicate. signed a consent form approved by the ethics committee of UFRGS and by the Brazilian Platform Committee for Ethics and Research (CAAE 36403514.6.0000.5347). Fresh dental pulp was harvested from deciduous teeth in resorption, and mesenchymal stem cells were isolated as described previously [16, 17] . The dental pulp of 4 different teeth were extracted and the cells maintained at 37°C in a humidified atmosphere containing 5% CO 2 in an MSC culture medium, consisting of 2.5 g/L Hepes, pH 7.2 supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin until reached the 6th passage for characterization and use in the experiments. Cell characterization was performed by morphological analysis of the cell cultures, differentiation assay in vitro and immunophenotypic profile using flow cytometry [16] [17] [18] .
Measurement of cell viability using the MTT assay
Prior to testing, the bioactive glasses were subjected to 180°C for 4 h in an oven for sterilization. After characterization as mesenchymal stem cells, the cells were seeded in 96-well culture plates ( 
Bacterial test
The S. mutans strain (ATCC 25175) was diluted to the 0.5 McFarland turbidity standard (1 × 10 8 CFU/mL), and the solution was then further diluted with B.H.I. broth (BD Bioscience) to the ratio of 1:100, yielding a final concentration of 10 6 CFU/mL. For the test, glass powders were compressed into discs (10 × 2.2 mm) by isostatic pressing at 170 MPa. Biofilms were formed over (n = 18) sterile discs and placed in 24-well culture plates with 1% sucrose, 1.0 mL broth and 0.1 mL bacterial inoculum. Subsequently, the cell culture plates were incubated without interruption in an anaerobic chamber for 7 days at 37°C. After this period of growth, the biofilms over the bioactive glass discs were transferred to the second 24 well-plate containing PBS and washed to remove any loosely bound material. Then, the discs were transferred to a falcon tube containing 5 mL PBS and subjected to an ultrasonic homogenizer to disperse the biofilm [20, 21] . From the obtained solution, serial dilutions were performed, in which 0.1 mL aliquots were plated in triplicate on B.H.I. agar (BD Biosciences) using the drop technique. The bacteria culture was incubated at 37°C and 5% CO 2 . After 48 h, the number of CFU/mL for each sample was counted and transformed into logarithm scale (log10).
Statistical analysis
The results were expressed as the mean ± standard error of the mean from 3 and 4 independent experiments for the BG-A and BG-B composition, respectively, and evaluated using the Kruskal-Wallis and Dunn's post hoc test. Significant differences were established at p b 0.05. Statistical analysis was performed using Bioestat 5.0 software [22] .
Results and discussion
Materials characterization and in vitro bioactivity
The BG-A and BG-B gels presented a gelation time of approximately 90 and 150 h, respectively. After drying, these gels were transparent, colorless and optically homogeneous, as shown in Fig. 2 .
Heat treatment of the gel particles for 3 h at 700°C provided a sufficient condition to obtain the glasses because it was not possible to observe any evidence of sub-products from the incomplete condensation of precursors and nitrate ions in the XRD patterns and FTIR spectra of the samples, as shown in Figs. 3-5, respectively. The XRD patterns of the samples before immersion in SBF were typical of amorphous materials, characterized by a broad halo centered at~25°(2θ), which is a typical feature of silicate glasses; however, the XRD pattern of the BG-A composition exhibited a broad peak centered at~32°(2θ). This peak can be attributed to the presence of hydroxyapatite (HA), the intensity of which is not sufficiently strong to establish the extent of the sorting feature for this phase. It was also identified in samples of the SiO 2 -CaO-P 2 O 5 system with similar compositions [12, 13, 23] .
XRD patterns obtained for the glasses after 12 h in contact with SBF showed two principal peaks at approximately 26 and 32°(2θ), corresponding to (002) and (121) atomic plane diffraction of the HCA-like phase. The association is made with HCA because the formation of pure hydroxyapatite (HA) on the surface of the glasses is less likely to occur in SBF. This solution contains a quantity of bicarbonate ions (HCO 3 − ) and the HA is saturated with slightly carbonated apatite, where the orthophosphates are substituted by carbonates in the crystal Fig. 2 . Illustration of the BG-A and BG-B gels after drying.
lattice [15, 24] . In both samples, these peaks increase and sharpen with increasing testing time, up to 168 h. At the same time, new broad peaks appear at approximately 40, 47, 50 and 53°(2θ), corresponding to the (310), (113), (123) and (004) atomic planes in the HCA lattice, respectively, which are correlated to the increased crystallinity. Although the main phase formed on the surface of the glasses is HCA, it was also possible to observe the formation of calcium carbonate (calcite) starting from 12 h in SBF for the sample with higher calcium contents (BG-A). Previous studies have also reported this finding for similar compositions [15, [25] [26] [27] .
The presence of calcium-phosphate deposition on the surface of the glass particles, such as HCA, was also observed using FTIR analysis. In the spectra shown in Figs (P\ \O bending), indicating HCA formation, are present for the glass exposed to SBF [12] [13] [14] 23, 27] . These bands became more defined with increased reaction time, particularly for the BG-A composition, indicating greater HCA density on the glass surfaces with advancing stages of crystallization, as observed in the XRD patterns shown in Fig. 3 . Bands characteristic of the carbonate group (CO 3 2 − ) were detected at 1390
and 875 cm −1 in both spectra. However, for the BG-B composition, it was only possible to observe the presence of CO 3 2-after immersion of the samples in SBF for 168 h (not pronounced bands), which is consistent with the absence of calcite on the surface of these samples, as observed in the XRD patterns. To conclude, the differences in the intensity of the Si\ \O\ \Si stretch band near 1100 cm −1 can be attributed to the different amount of silica (60 versus 80 mol%) in the glasses. In Figs. 4 and 5, the morphology of the sample surfaces changed significantly after various immersion times in SBF. Consequently, the surface of the powders was converted to a mixed poly-crystalline HCA layer equivalent to the crystal phase of bone mineral with an anisotropy that also mimicked the architecture of mineralized bone [2, 5] . The HCA formation promoted powder clustering, leaving the larger particles in the center of these granules, as shown in Fig. 6 for the BG-A. After 48 h of testing, all of the samples showed the typical morphology of HCA, and it was no longer possible to observe the glass surface. As observed in the EDS spectra for both glass powders, there was a large compositional change of the surface at different testing times; the surface compositions were characterized by a predominance of Ca and P, which further confirmed HCA layer formation.
Variations in pH at different exposure times to the samples in SBF are presented in Fig. 7 ; the initial pH value of the solution was 7.4. The compositions of BG-A and BG-B presented distinct trends in pH variation;
i.e., the pH increased very fast for BG-A up to 24 h and remained nearly constant at approximately 8.35 until the last testing time of 168 h. For BG-B, the pH increased slowly up to 7.70 and remained nearly constant. Thus, by comparing the pH variation during the in vitro bioactivity test, it was possible to observe that the most abrupt change occurred for the BG-A composition in the first few hours. In addition, the lowest pH variation was observed for the BG-B composition, indicating that the solubility of this glass was lower compared to the other because the pH The lower SiO 2 content and concentration of calcium of the BG-A composition produced a more pronounced HCA layer within the first few hours of testing and at the same time, provided a higher pH of the SBF. However, the BG-B composition also showed a positive in vitro bioactive response but maintained a more stable pH environment. Thus, it is important to note that it is possible to maintain bioactive behavior while providing a more stable local microenvironment by varying the composition of the material and, consequently, its degradability. The biological effects of the pH change that the material can provide in the body are a matter of concern [5, [28] [29] [30] [31] [32] [33] , and more specific studies in this field are necessary.
Characterization of mesenchymal stem cells
Cells from human exfoliated deciduous teeth were isolated, cultured and successfully characterized as MSCs, according to the International Society for Cellular Therapy (ISCT) using the 3 following standard criteria [18] : 1) The cells showed typical MSC morphology and plasticadherence when maintained in standard culture conditions (Fig. 8A) ; 2) MSCs must positively express (≥ 95%) CD105 (endoglin), CD73 (ecto-5′-nucleotidase) and CD90 (Thy1), and negatively express (≤2%) CD34, CD45, CD14 or CD11b and HLA-DR surface molecules. Flow cytometric analyses demonstrated a typical pattern for MSC surface markers, positively expressing CD73 (100%), CD90 (99.5%) and CD105 (97.8%), and negatively expressing CD14, CD34, CD45 and HLA-DR (0%); 3) The MSCs must also differentiate into osteoblasts, adipocytes and chondroblasts in vitro. The cells studied differentiated into the 3 analyzed mesodermal cell lineages. Chondrogenic differentiation was demonstrated by staining with Alcian Blue, as indicated by the blue staining of glycosaminoglycan deposits (Fig. 8B) . Osteogenic differentiation was demonstrated by staining with Alizarin Red in which calcium deposits were indicated by red staining (Fig. 8C) . Adipogenic differentiation was demonstrated by staining with Oil Red O to visualize lipid vacuoles (Fig. 8D) .
Effects of the bioactive glasses on stem cell viability
MTT reduction in live cells by mitochondrial reductase resulted in the formation of formazan, as detected by a higher absorbance in viable cells [19] . Thus, the results in Fig. 9 show that in concentrations ranging from 0.125 to 12.50 mg/mL, the BG-A composition did not affect cell viability after 2 days of cultivation. The absorbance values were compared to the control (p b 0.05). A statistically significant difference was observed between the control and the higher concentration (125.00 mg/mL) after 2 days, indicating the presence of more viable stem cells. However, after 7 days of culture, the BG-A-treated group with 12.50 and 125.00 mg/mL showed that cell viability was significantly suppressed (p b 0.05). Lower doses (0.125 and 1.25 mg/mL) did not affect cell viability in 2 and 7 days of culture, compared to the control (pN0.05). These findings suggested that the BG-A group at 125 mg/mL is capable of increasing stem cell viability after 2 days of cultured, but reduced cell viability after 7 days.
Cell viability was dose-dependent on bioactive glasses. For instance, extracts prepared from the same glass composition (3 and 5 mg/mL) were effective at inducing murine and human primary osteoblast proliferation [34] . However, doses higher than 5 mg/mL were increasingly inhibitory for cell proliferation in both species at 2, 4 and 6 days of evaluation. The glass-conditioned medium did not inhibit the proliferation of murine osteoblasts at any time, but the effects on human osteoblasts varied. Proliferation was inhibited on day 2, stimulated on day 4, and more strongly inhibited on day 6. Consequently, it can be concluded that the composition and dissolution rate of the bioactive glass and the cell type used in the assay are important factors to be considered. More recently, Ajita et al. [35] showed that nanoparticles of a 45SiO 2 -40CaO-15P 2 O 5 (mol%) bioactive glass did not affect cell viability (mouse mesenchymal stem cells) up to a concentration of 20 mg/mL. However, the sample demonstrated a stimulatory effect on metabolic activity at a concentration of 20 mg/mL after 48 h of treatment. When used at a concentration higher than 20 mg/mL, cytotoxicity was revealed, as observed by the decreased optical density (OD) values using the MTT assay.
The results of the BG-B composition are shown in Fig. 10 . After 2 days, this glass showed a significant difference at all doses compared with untreated cells. Treatment with doses of 0.125, 1.25 and 12.50 mg/mL resulted in greater cell viability and the dose of 125.00 mg/mL resulted in a lower cell viability compared with the control (*p b 0.05). It is possible to observe a dose-dependent effect of the BG-B composition on cell behavior after 2 days. After 7 days of culture, doses of 1.25, 12.50 and 125.00 mg/mL showed lower viability compared to the control group and the dose of 0.125 mg/mL ( # p b 0.05). Quantification of calcium and phosphorus in the supernatant of the cell cultures treated with different concentrations of the BG-A and BG-B compositions are shown in Figs. 11 and 12 , respectively. The calcium concentration was increased after 2 days of culture with BG-A at 125.00 mg/mL (p b 0.05) and decreased after 7 days of culture at 12.50 mg/mL (p b 0.05). No significant differences were found in the supernatant of cells treated with BG-B composition on any of the days analyzed.
Although differences were found in the BG-A-conditioned medium at concentrations of 12.50 and 125.00 mg/mL for 7 and 2 days, respectively, in general, it was not possible to observe a significant variation of calcium in the supernatant of the cell cultures treated with different concentrations of samples. This finding can be attributed to the presence of proteins in the FBS used in the medium for maintenance of the cells. Proteins are charged species that can be attracted by the negative glass surface (and coat it with a film), resulting in lower dissolution rates and bioactivity [36] [37] [38] . Consequently, the effect of pH variation provided by the samples (see Fig. 7 ) could not be evaluated in the cell culture medium for at least two reasons. First, because the pH change is related to the exchange of calcium ions from the glass with H + ions from the medium, as previously described. However, as shown in Fig.  11 , there was practically no variation in calcium compared to the control group, which could be attributed to the presence of FBS. In addition, the pH is stabilized due its relationship with the experimental conditions of MSC cultures in vitro. For a better reproduction of the in vivo environment, a cell culture test was performed in a 37°C incubator in a humidified atmosphere of 95% air and 5% CO 2 , the system pH of which was adjusted to constant values during the experiment. This condition is different from that used to mediate the apatite-forming ability of bioactive glass, making the biological effects of these changes difficult to predict from in vitro experiments. The quantification of phosphorus showed a decrease of this species in the culture medium treated with the BG-A composition at 1.25, 12.50 and 125.00 mg/mL (p b 0.05). For the culture treated with the BG-B, a significant difference compared to the control was only observed at a concentration of 125.00 mg/mL for 2 days (p b 0.05). This result showed a correlation with the bioactivity test because phosphorous is released from the samples to the medium and subsequently migrates to the particle surfaces to form a HCA layer. However, its concentration is low in both glasses, and it appears that the rate of HCA formation is higher than the rate of phosphorous release from the samples [12] , resulting in a decrease of this species in the culture medium during the test. This behavior is more pronounced for the BG-A composition, which is consistent with the higher HCA layer formation rate shown in Figs. 3-5 . The BG-B composition is more stable, providing a better condition for cell proliferation, as indicated by the previous discussed results shown in Figs. 9 and 10. 
Effects of the bioactive glasses on biofilm viability
The antibacterial activity of the BG-A and BG-B compositions against S. mutans was evaluated and showed a significant effect. There was no bacterial growth after CFU/mL testing of 7 days of biofilm induction (p b 0.05). However, on the SEM images for the BG-B composition (Fig. 13) , it was possible to observe that a biofilm formed on the disc surfaces.
The effect of bioactive glasses (without any specific bactericidal ions) on biofilm viability observed in this study can be mainly explained by the release of ions from the samples to the medium, causing an increase in the osmotic pressure and raises pH in the vicinity of the disc samples. These changes are considered important factors that destroy microorganisms [39] [40] [41] [42] [43] [44] ; however, the continuous release of ions from the samples it also affects the body's cells, thereby influencing regeneration. Obviously, the final effect is dependent on the glass composition, its textural properties and bacterial species. For example, the fast dissolution of the glasses changes the acid environment that aciduric cariogenic bacteria are dependent [45] . This dissolution and consequent abrupt pH change occurs within a short time period, as observed in Fig.  7 in relationship to the bioactivity test. In this case, it is important to note that the SBF is a buffer solution. Consequently, the pH can reach higher values in the oral environment containing saliva, which possesses a buffering capacity smaller than SBF.
The effect of increases in pH during the leaching and dissolution processes of the BG-A composition is also supported by SEM images shown in Fig. 13 , which reveal no bacteria on the disc surfaces after day 7. However, SEM images of the BG-B displayed some bacteria stacks and chains covering the sample surfaces. Some holes or hollows of approximately 200 nm could be observed on the bacterial cell surfaces, potentially indicating small cell membrane damage. The BG-B composition contains a higher concentration of silica and lower amounts of calcium and phosphorus; consequently, it is more stable, thereby promoting a favorable environment for biofilm formation. This greater stability could be followed by the bioactivity test (see Fig. 7 ). Thus, it has become clear that only varying the composition of the samples can establish some control in the system degradability in the physiological medium and with direct application to favor specific properties, such as bioactivity, cell proliferation or antimicrobial activity.
Conclusions
Glasses containing 60SiO 2 -36CaO-4P 2 O 5 (BG-A) and 80SiO 2 -15CaO-5P 2 O 5 (BG-B) by mol% were prepared using a simple sol-gel processing route. Both samples are bioactive in SBF, but the BG-A composition showed a higher rate of hydroxycarbonate apatite layer formation. This is due to its lower concentration of silica and high amount of calcium than in the BG-B composition. For this test, the new method proposed by the TC04 for evaluating in vitro bioactivity was tested and considered quite satisfactory due to its ease of application and use of only a small amount of particulate sample.
The two glasses showed significant antibacterial effect against S. mutans, with the BG-A being more effective. Scanning electron micrographs showed no growth of bacteria on BG-A, but some stacks and chains remained on discs of BG-B. In the stem cell study, the BG-B showed significantly higher cell viability than the BG-A for the concentrations of 0.125, 1.25 and 12.50 mg/mL for 2 days. This result indicated that the solubility of the BG-A composition favored bioactivity and the antibiofilm effect, but its higher dissolution and, consequently, more ions released into the cell culture medium, appear inhibited cell proliferation.
Thus, by varying the composition of the bioactive glasses, it is possible to examine some relevant properties such as bioactivity, stem cell proliferation and antimicrobial/antibiofilm activity of the material, providing minimally invasive approaches and a foundation for future studies on bioactive glass applications with clinical relevance.
